Continuum-coupling correction to binding energies in neutron rich oxygen and fluorine isotopes and to excitation energies of 2 + 1 states in 36 Ca and 36 S mirror nuclei are studied using the realenergy continuum shell model.
I. INTRODUCTION
Atomic nuclei form a network of coupled systems communicating with each other through decays and captures [1] . If continuum states are neglected, this communication is broken and each system becomes an isolated closed quantum system (CQS). It is obvious, that the CQS description of atomic nuclei (e.g. the nuclear shell model (SM)) becomes self-contradictory for weakly-bound or unbound states.
A classic example of a continuum coupling is the Thomas-Ehrmann shift [2] which manifests itself in the asymmetry in the energy spectra between mirror nuclei having different particle emission thresholds. A consistent description of the interplay between scattering states, resonances, and bound state requires an open quantum system (OQS) formulation.
Comprehensive many-body theory of weakly bound/unbound states has been advanced recently in the time-asymmetric quantum mechanics using the complete ensemble of singleparticle states consisting of resonant (Gamow) states and the complex-energy, non-resonant continuum of scattering states from which the complete many-body basis of OQSs can be obtained [3] . Another formulation of the continuum shell model is obtained by embedding standard SM in the continuum of decay channels. This approach provides a unified description of nuclear structure and nuclear reaction aspects [4, 5, 6, 7] .
In this paper, we study the effect of the continuum coupling on spectra of 36 Ca and 36 S mirror nuclei. We show that the continuum coupling explains naturally not only the appearance of the asymmetry in spectra but also provides a major part of the ThomasEhrmann shift. We shall also discuss salient effects of a continuum coupling in the binding energy systematics, in particular the anti-odd-even staggering (anti-OES) and the effective range of energies in which various decay channels are correlated with each other with the discrete many-body states changing significantly their energy and wave function.
II. SHELL MODEL EMBEDDED IN THE CONTINUUM
In the shell model embedded in the continuum (SMEC), nucleus is described as an OQS [8] . The total function space consists of the set of L 2 -functions, as in the standard SM, and the set of scattering states (decay channels). These two sets are obtained by solving the Schrödinger equation for discrete states of the closed subsystem (closed quantum sys-
III. FEATURES OF THE CONTINUUM-COUPLING ENERGY CORRECTION TO EIGENVALUES OF THE CLOSED QUANTUM SYSTEM
In this chapter, we shall discuss salient features of the continuum-coupling energy cor-
P (E)H P Q |Φ i , for the ground state (g.s.) of neutron-rich oxygen and fluorine isotopes. Details of the SMEC calculations for continuum-coupling energy correction to binding energies can be found in Ref. [6] . In these calculations, all possible couplings of the g.s. of A nucleus to the states of A − 1 nucleus are taken into account incoherently.
A. Binding systematics in neutron-rich nuclei
For T = 1 couplings, the average behavior of E (corr) gs is determined by the strong dependence on E (thr) n (cf Fig. 1a of Ref. [6] for oxygen isotopes)
1 . Close to the neutron drip line, this leads to an effective enhancement of nn continuum-coupling strength which cannot be compensated by the E In fluorine isotopes (cf Fig. 2a of Ref. [6] ), E would not be strongly reduced from its accepted value ≃ 2 in well-bound nuclei.
In BCS formalism, the OES is associated with the blocking of a quasi-particle state close to the Fermi energy by an unpaired neutron ( resp. proton) what weakens nn (resp. pp)
pairing correlation in odd-N (resp. odd-Z) isotopes. The proximity of continuum states in weakly-bound nuclei makes the blocking mechanism less effective, reducing the OES of one-nucleon separation energies. This reduction appears even though the strength of nn (pp) pairing correlations is essentially unchanged.
B. Anatomy of the continuum-coupling correction
A typical behaviour of the total continuum-coupling correction E In general, strong nn pairing correlations in even-N isotopes increase the weight of a g.s. and, hence, change spectra in mirror systems [8] . Recently, the energy of 2 + 1 state has been measured in a weakly-bound 36 Ca [10] . An excitation energy of this proton-unbound state differs by ∼ 240 keV from an energy of the well-bound mirror state in 36 S. In this section, we will discuss in SMEC the mirror-symmetry breaking continuum-coupling effects for these states. Details of SMEC calculations and the choice of an effective interaction are the same as described in Sect. III and in Ref. [6] .
SMEC excitation energies of 2 Let us take a closer look at the individual contributions from couplings via continuum to different states in A − 1 nuclei. In Fig. 4 , contributions to the continuum-coupling energy become involved in the continuum coupling, leading to an enhanced spreading of contributions to the continuum-coupling energy correction. In general, an increased spreading of couplings leads to an increased fractionation of continuum-coupling contributions and the reduction of E (corr) due to an enhanced interference of large number of channels.
Full SMEC calculations in sdf p shells for 36 Ca and 36 S are beyond actual possibilities so we proceed by introducing the quenching factor Q f in the continuum-coupling energy correction [5] . SM calculations using WBT [12] and IOKIN [13] effective Hamiltonians, which include f p shell and allow for 2 ω excitations, revealed that an appropriate quenching factor should be used to account for admixture of intruder configurations (cf The value of the quenching factor depends on different extensions of sd-shell effective interaction into a larger model space (cf Table 2 ). It turns out that the excitation energies of 
V. CONCLUSIONS
In this paper, we attempted to address two problems pertaining to the physics with exotic, weakly-bound nuclei: (i) What are the generic features of the continuum coupling in binding systematics of neutron-rich nuclei? (ii) Can one explain mirror-symmetry breaking effects in spectra by the asymmetry of threshold energies in mirror nuclei?
The answers to these questions are not simple and require further investigations. Studies in long chains of oxygen and fluorine isotopes revealed that the np residual coupling to the scattering continuum becomes strongly reduced with respect to the nn coupling in the vicinity of the neutron drip line. The np coupling is essential for an understanding of the anti-OES effect which is seen in odd-Z fluorine chain and leads to an apparent reduction of the gap parameter for neutrons. Hence, in weakly-bound nuclei close to the drip lines, the OES has three components: the first one originates from nucleonic pairing, the second one is the deformed mean-field effect [14] , and the third one originates from the np coupling via scattering continuum. One should stress that the latter component is of a completely different nature than the singular behavior of binding energies originating from the np correlations near N = Z line [15] .
Asymmetry in the spectra of mirror systems is another playground for the continuum shell model. In the mirror couple 36 Ca-36 S, a relative shift of 2 + 1 excitation energies can be to a large extent directly related to the effect of the continuum coupling. However, in contrast to neutron-rich nuclei, the low one-proton separation energy in 36 Ca has little influence on the difference of excitation energies of 2 + 1 states in 36 Ca and 36 S. This is due to the Coulomb barrier which suppresses continuum-coupling effects in weakly-bound systems close to the proton drip line. In that respect, weakly-bound/unbound systems at the proton drip line are radically different from those at the neutron drip line. To understand dissimilarity of nuclear systems at the proton and neutron drip lines is a challenge for the nuclear structure theory.
